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The commonly prescribed antidepressant Prozac (fluoxetine) is found in waste water and affects 
aquatic animals. Here we ask how social hierarchy and startle behavior in an African cichlid fish 
community is impacted by chronic fluoxetine exposure. Results indicate reduced aggression and 
startle rates, implying possible ecological consequences. 
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Effects of Fluoxetine on Social and Startle-Escape Behavior 
in the African Cichlid Astatotilapia burtoni 
 
Serotonin (5-HT) is an important neurotransmitter involved in a variety of processes, 
including aggression and social behavior (Brandon & McKay, 2015; Carey & Damianopoulos, 
2015; Narvaes & Martins de Almeida, 2014; Olivier, 2015). The serotonergic system is well-
conserved, found in both vertebrates and invertebrates (Gust, Cren-Olivé, Bulete, Buronfosse, & 
Garric, 2013; Vaswani, Linda, & Ramesh, 2003). Studies on this system frequently involve 
pharmacological manipulations of brain serotonin levels with drugs such as selective serotonin 
reuptake inhibitors (SSRIs). SSRIs are widely prescribed across the world, and are the first line 
of treatment for conditions such as clinical depression, bulimia, obsessive-compulsive disorder, 
and generalized anxiety (Ten Eyck & Regen, 2014; Vaswani et al., 2003). 
Fluoxetine (known by its brand name Prozac) is the most commonly used SSRI (Stewart 
et al., 2014; D. T. Wong, Bymaster, & Engleman, 1995), ranking among the US and UK’s top 
100 most prescribed pharmaceuticals (Barry, 2013; Winder, Pennington, Hurd, & Wirth, 2012). 
Fluoxetine, like other SSRIs, blocks reuptake of serotonin in the central nervous system, 
resulting in extracellular serotonin accumulation in the pre-synaptic cleft (Holick, Lee, Hen, & 
Dulawa, 2008; Raap & Van de Kar, 1999). Fluoxetine is therefore employed to investigate the 
effects of raising serotonin levels on various behavioral endpoints in many different species, 
generally finding that it reduces anxiety and aggression (Abreu, Giacomini, Koakoski, Piato, & 
Barcellos, 2016; Barbosa Junior, Alves, Pereira Ade, Ide, & Hoffmann, 2012; Dzieweczynski & 
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Hebert, 2012; Kohlert et al., 2012; Perreault, Semsar, & Godwin, 2003; Stokes & Holtz, 1997; 
D. T. Wong et al., 1995; R. Y. Wong, Oxendine, & Godwin, 2013). It has also been found to 
affect even involuntary and reflex behaviors, such as startle-escape (Griffiths et al., 2012; 
Martinez & Geyer, 1997; Raz & Berger, 2010; Vorhees, Morford, Graham, Skelton, & Williams, 
2011). 
Fluoxetine is excreted in urine while still pharmacologically active (Barry, 2013; Brooks 
et al., 2003; Vaswani et al., 2003). Consequently, the drug enters waste water and, since it is not 
filtered out by current treatment methods (Gaworecki & Klaine, 2008), has been found in surface 
waters and effluent in both North America and Europe (Paterson & Metcalfe, 2008; Smith, Chu, 
Paterson, Metcalfe, & Wilson, 2010), with concentrations ranging from ng/L to as high as 3 μg/L 
(Brooks et al., 2003; Dzieweczynski & Hebert, 2012; Forsatkar, Nematollahi, Amiri, & Huang, 
2014; Weinberger & Klaper, 2014). It remains persistent in the aquatic environment (Paterson & 
Metcalfe, 2008), with a half-life of potentially months, depending on the species and biomass 
present (Kwon & Armbrust, 2006), and has been measurably detected in the brains, livers, and 
tissues of wild fish populations (Brooks, 2014; Brooks et al., 2005; Chu & Metcalfe, 2007). As a 
result, and because the serotonergic system serves many of the same functions in fish as in other 
vertebrates (Lillesaar, 2011), fish are frequently used as subjects in behavioral experiments. 
However, these studies typically involve individual subjects, and the effects of fluoxetine on 
social behaviors within an entire fish community and on fish startle-escape behavior have rarely 
been investigated. Because of the long half-lives of fluoxetine and its metabolite norfluoxetine 
(Stokes & Holtz, 1997; Vaswani et al., 2003), the risk of bioaccumulation and bioconcentration 
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of fluoxetine in fish (Forsatkar et al., 2014; Paterson & Metcalfe, 2008; Smith et al., 2010), and 
because norfluoxetine has similar pharmacological effects (Winder, Sapozhnikova, Pennington, 
& Wirth, 2009), it is important to study the effects of chronic administration on aquatic life in 
their natural or semi-natural captive environments. Though studies on fluoxetine in wild 
environments focus more on toxicity and pharmacokinetics and less on behavioral effects (Oakes 
et al., 2010), laboratory experiments have consistently produced similar results in fish as in 
rodents, such as anxiolytic effects and altered social behavior: Japanese medaka (Oryzias latipes) 
exposed for 10 days showed decreased socially-induced anxiety and decreased overall social 
interaction (Ansai, Hosokawa, Maegawa, & Kinoshita, 2016); Siamese fighting fish (Betta 
splendens) showed disrupted aggressive behavior during paternal care after exposure over six 
days (Forsatkar et al., 2014); and bluehead wrasse (Thalassoma bifasciatum) treated with 
fluoxetine injections over two weeks in a laboratory setting showed decreased aggression toward 
intruders (Perreault et al., 2003). 
Here we use the African cichlid fish Astatotilapia burtoni to test for effects of fluoxetine 
on social behavior and the startle-escape response. A. burtoni is a model system for social 
neuroscience due to the elaborate yet fluid social hierarchy of males when living in a social 
community. Males reversibly transition between non-territorial and reproductively suppressed, 
subordinate (SUB) and territorial and reproductively active, dominant (DOM) social status. SUB 
or DOM social status is commonly quantified using an ethogram of submissive and 
aggressive/reproductive behaviors to compute a Dominance Index (DI) and/or Conflict Index 
(CI) (Fulmer et al., 2017). Status transitions occur quickly and can be experimentally 
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manipulated (Carpenter, Maruska, Becker, & Fernald, 2014; Maruska, 2015; Maruska, Becker, 
Neboori, & Fernald, 2013). Males are extremely sensitive to social opportunity, as evidenced by 
SUBs exhibiting DOM behaviors within minutes of a DOM being removed from the community 
(Burmeister, Jarvis, & Fernald, 2005; Maruska, 2014, 2015). The two male phenotypes also 
differ in hormonal and neurotransmitter activity. For example, researchers have found that SUBs 
have higher levels of serotonergic brain activity as compared to DOMs (Carpenter et al., 2014; 
Huntingford, 2012; Winberg, Winberg, & Fernald, 1997), consistent with findings in many 
vertebrate species that serotonin levels and dominance are inversely related (Loveland, Uy, 
Maruska, Carpenter, & Fernald, 2014).  
The two male phenotypes have also been shown to differ in their behavioral 
responsiveness to startling stimuli i.e., startle-escape, a critical predator-avoidance behavior that 
is mediated by serotonin in the common goldfish and A.burtoni (Curtin, Medan, Neumeister, 
Bronson, & Preuss, 2013; Medan & Preuss, 2014). Startle-escape in fish is described as a robust, 
short-latency (18 ms or less) all-or-nothing response, or ―C-start,‖ initiated and controlled by a 
large pair of neurons called Mauthner cells (M-cells). C-start behavior manifests as a strong, 
rapid turn typically away from the startling stimulus source, followed shortly by resumption of 
normal swimming (Huntingford, 2012). Previous work has shown that SUBs and DOMs respond 
differentially to startling acoustic stimuli, with DOMs exhibiting a higher response rate than 
SUBs (Neumeister, Whitaker, Hofmann, & Preuss, 2010). Moreover, it has also been shown that 
certain 5-HT receptors are present in the M-cell membrane (Curtin et al., 2013; Medan & Preuss, 
2014), and that the serotonin antagonist ketanserin increases startle responsiveness in SUBs 
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(Whitaker et al., 2011). Taken together, these previous results demonstrate serotonin’s role in the 
relationship between social status and the startle-escape response in this species. Accordingly, 
we hypothesized that chronic fluoxetine exposure would affect social status, and therefore 
stability of the social hierarchy, and startle behavior, with strongest effects on DOMs and limited 
to no effect on SUBs, because the latter already have high brain levels of serotonin. 
 
Materials and Methods 
Animals 
22 naïve lab-bred adult A. burtoni (10 females, 12 males) were housed in a clear acrylic 
tank (30 cm x 30 cm x 60 cm; 75.71 L), referred to as the home/experimental tank, as 
experiments took place within their home environment (see below). The tank contained crushed 
coral substrate, two plastic plants, and four terracotta pots serving as territories. Water was 
maintained at 27°C ± 2°C using an underwater heater and at 8.4 ± .02 pH using commercially 
available salts and buffers. Temperature, pH, conductivity, hardness, and ammonia were 
monitored regularly to ensure constant conditions. Water changes (40%) were performed every 
72 hr, and experiments were performed on every second and third day (―experimental days‖) 
after a water change. This schedule was determined given that the maximum absorption of 
fluoxetine by the Japanese medaka occurs three days after administration (Paterson & Metcalfe, 
2008), and because previous work quantified the amount of fluoxetine in the body tissue of 
sheepshead minnows (Cyprinodon variegatus) after 72 hr of exposure (Winder et al., 2009), 
allowing extrapolation of the absorption rate in A. burtoni (see below). To minimize external 
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disturbances, the tank was surrounded by black curtains, and the tank area was not entered by 
experimenters for any reason other than feeding daily (ad libitum with commercially available 
cichlid food), water maintenance, or activation of cameras (see below). Ambient light, using six 
SL series Twin 6 watt sealed fluorescent linear lamps (StockerYale, Salem, NH) and one LED 
aquarium light fixture (Aquatic Life, El Monte, CA), diffused through a 1.524 mm thick sheet of 
white extruded acrylic (ACRYLITE, Parsippany, NJ), was set on a 12-hr light/dark cycle, with 
brightness of approximately 700 lux, as measured from the center of the tank at the water 
surface. To allow for identification of individuals during focal observations, each male was given 
a unique superficial marking on either side of the body by applying a nontoxic dye, Alcian blue, 
just underneath individual scales. Fish were not removed from the home/experimental tank 
except to be re-marked once: all fish were removed from the tank, and males were marked while 
females were kept in a separate holding area for ~1 hr. All fish were placed back into the 
home/experimental tank and observed to resume normal swimming behaviors.  
All housing conditions and procedures were in accordance with protocols approved by 
the Institutional Animal Care and Use Committee (IACUC) of Hunter College, City University 
of New York. 
 
Focal Observations 
 Experimental days began with taking a 20-min video recording at approximately 11 a.m., 
using an Air Pro3 WiFi video camera (iON Camera, Moorestown, NJ) positioned on a tripod 
approximately 14 cm in front of the home/experimental tank. The black curtain surrounding the 
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tank described above was draped behind the camera, such that the camera’s view of the tank was 
unobstructed, and the experimenter was not visible to fish when activating the camera. Videos 
were taken on experimental days (see above) approximately 30 min after feeding, transferred 
onto an external hard drive, and later used for focal observations. Social behaviors were scored 
in GriffinVC v0.2a (Singh & Ragir, 2014) using an ethogram adapted from Fulmer et al. (2017) 
(see Table 1). Results were exported to Microsoft Excel. Social behaviors of individual males 
(N=12) were scored for 10 min each, starting at minute 5 and ending at minute 15 of each video. 
It is important to note that this chosen 10-min interval resulted in an accurate ―snapshot‖ of 
behaviors within the community. Therefore, the possible confounding variable of elapsed time 
was eliminated, which would be impossible to do if fish were observed in succession, e.g. during 
live, real-time focal observations. No fish was ever out of view of the camera for a total of more 
than 1 min per video, and no more than two fish were typically out of view per session. At the 
end of every observation session, Dominance Index (DI) and Conflict Index (CI) were calculated 
for each focal male. These measures are described in detail by Fulmer et al. (2017): briefly, DI is 
calculated by summing all aggressive and reproductive behaviors and subtracting the number of 
flees, and primarily reflects social standing of males within the community; CI is calculated by 
summing all aggressive behaviors and the number of flees, and primarily reflects degree of social 
engagement. Fish with DI above 0 were categorized as DOMs, and fish with DI below 1 were 
categorized as SUBs, and a ―zero-crossing‖ (i.e. DI score going from below 0 to above 0, or 
vice-versa) was considered a status transition from SUB to DOM or DOM to SUB, respectively.  
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Acoustic Startle Trials 
 Startle trials were performed on experimental days (see above) at least 10 min after video 
recording of social behaviors for focal observations ended and took ~ 2 hr. Each trial consisted 
of a single sound pip (200 Hz, 5 ms duration, intensities 168.189 or 170.152 dB re. 1uPa in air, 
randomized to avoid habituation), created as a single-cycle sine wave with IGOR Pro software 
(WaveMetrics, Portland, OR) and amplified with a Servo 120 amplifier (Samson, Syosset, NY). 
The intensities were chosen according to a stimulus-response curve generated previously 
(Neumeister et al., 2010) which reliably elicited startle-escape responses in A. burtoni males 
when tested individually. Stimuli were presented via an UW-30 underwater speaker (University 
Sound, Buchanan, MI) submerged below the water surface of the home/experimental tank 
containing the fish community (N=22). A total of six stimuli were delivered with randomized 
interstimulus intervals of 5 to 30 min to avoid habituation. The speaker was separated from the 
community by a semi-opaque plastic barrier, so that fish could not make physical contact with it. 
A high-speed camera (AOS Technologies AG, Baden-Dättwil, Switzerland) recording at 1000 
fps was positioned below the home/experimental tank, such that the entire arena containing the 
community was in view, and recorded a 500 ms clip (including a 50 ms buffer before stimulus 
onset) with every stimulation (trial). For each trial, the total number of fish whose heads were 
visible (max N=22) and the total number of C-starts observed were recorded. For each fish 
exhibiting a C-start, the latency [ms] from stimulus onset to the first discernible head movement 
was recorded. Only C-starts with latency ≤18 ms were considered in analysis, and the 
(community) response rate was computed by dividing the number of C-starts with latency ≤18 
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ms by the number of fish whose heads were visible. A startle-escape response occurring within 
18 ms after sound pulse presentation can likely be attributed to M-cell activation in response to 
the sound (Zottoli, 1977). At no point during the startle trials did anyone enter the tank area, 
thereby eliminating unintended stimuli from the experimenter(s). 
 
Drug Administration 
 After five consecutive weeks of experimental days without drug treatment (control 
condition, N=20), fluoxetine HCl (Fisher Chemical, Pittsburgh, PA) was administered to the 
home/experimental tank water at a concentration of 20 μg/L for four consecutive weeks 
(fluoxetine condition, N=19). To achieve this concentration, a stock solution was made by 
dissolving 12.402 mg fluoxetine in 4.095 mL de-ionized water, and pipetting 500 μL of this 
solution into 30.28 L of new water being poured into the tank during the final water change of 
the control condition. In the fluoxetine condition, all experimental day protocols remained 
unchanged. Fluoxetine was re-administered by pipetting 225 μL of the stock solution into the 
replacement water during every water change (every 72 hr), in order to maintain a nominal 
concentration of 20 μg/L. After water changes, fluoxetine waste water was stored in separate 
bins for disposal by the Department of Environmental Health and Safety at Hunter College 
CUNY. 
Fluoxetine degradation in water follows first-order kinetics (Kwon & Armbrust, 2006). 
Thus, we used the formula introduced by Barron, Stehly, and Hayton (1990), which is considered 
standard in aquatic pharmacokinetics to model changes in concentration of drugs in water over 
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time, to calculate the presumed concentration of fluoxetine remaining in the tank 72 hr after the 
previous water change. We also used existing data regarding absorption of the drug by the 
sheepshead minnow after 72 hr (Winder et al., 2009) to extrapolate the community’s uptake of 
the drug. It was assumed that all fish would metabolize the drug at the same rate, and that 
biomass would remain constant for the duration of the experiment; any dead fish was therefore 
immediately replaced by a naïve fish of similar size. Finally, it was assumed that concentration 
of fluoxetine in water would otherwise remain constant if no biomass were present (Kwon & 
Armbrust, 2006). The change in concentration of a drug in water over time is given by the sum 
of the amount of drug removed from the water (i.e. absorption) and the amount of the drug 
excreted back into the water (i.e. elimination) by its inhabitants (Barron, Stehly, & Hayton, 
1990): 
   
  
                      
k1 and k2 represent constants for absorption and elimination, respectively; Cw represents an 
assumed constant concentration of drug in water (i.e. 20 μg/L); Fw represents an assumed 
constant biomass (total mass of all fish, 59.98 g); and Xf represents the amount of drug absorbed, 
normalized by body weight. k2 was determined based on the finding by Paterson and Metcalfe 
(2008) that the elimination half-life of fluoxetine is 9.4 days. Winder et al. (2009) quantified the 
total body burden of fluoxetine (i.e. the amount of fluoxetine and its metabolite norfluoxetine) in 
sheepshead minnows after exposure to a concentration of 30 μg/L for 72 hr, and the mean value 
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(calculated to be 2.214 μg) multiplied by biomass (59.98 g) was used as Xf, which then allowed 
calculation of k1. 
The nominal concentration chosen was 20 μg/L, which represents an intermediate 
concentration used in the literature. This concentration was thought high enough to produce an 
observable change in social behaviors, but not so high as to eliminate responsiveness to stimuli, 
interfere with locomotion, or to be toxic: a concentration as low as 0.54 μg/L over six days of 
exposure was sufficient to suppress aggressive behaviors in the Siamese fighting fish (Betta 
splendens), another social fish exhibiting inter-male territoriality (Forsatkar et al., 2014), but 
Margiotta-Casaluci and colleagues (2014) found that 10 μg/L was the minimum concentration 
required to produce a detectable amount of the drug in plasma of the fathead minnow 
(Pimephales promelas) after 28 days of exposure. Additionally, Gawoerecki and Klaine (2008) 
found that a concentration of 35 μg/L altered feeding behavior in a hybrid striped bass (Morone 
saxatilis x M. chrysops) after six days of exposure, and Abreu et al. (2016) found that 50 μg/L 
produced an anxiolytic response in the jundiá fish (Rhamdia quelen) after just 17 min of 
exposure. Since A. burtoni is similar in size to the Siamese fighting fish and the fathead minnow 
(versus the much larger hybrid striped bass and jundiá), and given the length of exposure time 









 One fatality (female) was noted in the control condition, and was replaced with a naïve 
female of similar size and age from another tank. In the fluoxetine condition, however, six 
females and one male died; causes of death for the females were not known, and the male was 
sacrificed due to poor physical condition. The deceased male and five females were replaced 
with a naïve male and five naïve females of similar size from another tank following the startle 
trials on the days they were found. Thus, the total number of males in the control condition was 
always 12 and, following the sacrificing of the male, 11 in the fluoxetine condition; the total 




Generalized estimating equation (GEE) models and time series models were used for 
analysis of both social and startle data, and parametric tests were used only for the latter. GEE 
was applied because of the longitudinal, repeated-measures design of the study, and the 
possibility that observed values would not be independent (Ballinger, 2004). Statistical analysis 
was conducted using SPSS (Version 22), JMP by SAS (Version 11), GraphPad Prism (Version 
7.03), and R (Version 3.4.1). 
 
 





In order to assess social behaviors during control and fluoxetine conditions, mean values 
of DI and CI of all focal males (N=12) were calculated over all observation sessions for DOMs 
and SUBs, and for both phenotypes combined. Figures 1a-d display box plots for each phenotype 
and both DOMs and SUBs combined in the control (20 observation sessions) and fluoxetine (19 
observation sessions) conditions. In the control condition, there were four DOMs and eight 
SUBs, with all males observed in every session, and in the fluoxetine condition there were three 
DOMs and nine SUBS, with 11 out of 12 males observed at every session (the sacrificed male 
was only observed for six fluoxetine condition sessions).  
 DI of each individual focal male during each observation are plotted in Figure 3, with the 
vertical red line indicating the start of chronic drug administration, and the color code (right) 
identifying individual males. With the exception of one fish (blue trace), hereafter referred to as 
the ―bully,‖ whose DI increased and stayed considerably higher as compared to the DI of the 
other males, there was an apparent overall decrease in aggression after drug exposure. The DI of 
the other three DOMs (purple, olive, and orange traces) decreased by 89.2 – 126.19% after 
fluoxetine administration until they approached or attained SUB status, as reflected in Figure 2. 
In comparison, Figure 4 plots CI for each individual fish over the course of the entire experiment 
and shows that, with the exception of the bully, there is a great degree of overlap of the traces; 
there is no observable trend upward or downward of the traces in the fluoxetine condition. 
FLUOXETINE AND STARTLE AND SOCIAL BEHAVIOR IN A. burtoni 16 
 
 
The large spread in DI and CI of DOMs, especially in the fluoxetine condition (see Figs. 
1c – 1d), can be attributed to the very high scores of the bully, whose DI in the fluoxetine 
condition was more than one standard deviation above the mean DOM score and almost three 
standard deviations above the mean combined score. Due to the extreme nature of the bully’s 
scores, they were excluded from analysis considering social data of the whole group. Mean DI 
before and after fluoxetine administration for each fish are shown in Figure 5, which reflects the 
changes in scores of the four control DOMs (i.e. an increase for the bully and decrease for the 
other three) and the relative lack of change in the remaining fish. However, a GEE with identity 
link and exchangeable correlation structure (excluding the bully) was not significant (p = 0.063). 
No difference was found in mean CI in the two conditions, whether the bully was included or 
excluded: mean CI of all fish combined in the two conditions were very similar (control = 33.6, 
fluoxetine = 38), and almost unchanged when the bully was excluded (control = 31.2, fluoxetine 
= 31.3). 
 Change in Community Social Structure 
 In order to assess social stability, the number of status transitions (i.e. crossing the DI = 0 
line, see Fig. 3) was computed for each fish in both conditions. In the control condition, out of 
240 observations (12 males x 20 observation sessions), there were 13 status transitions: 
transitions were performed by two DOMs and two SUBs, with one SUB (fish ID: 2F11) 
accounting for more than half of these transitions (7). By contrast, out of 215 observations in the 
fluoxetine condition (11 males x 19 observation sessions + 6 sessions for the sacrificed male), 
there were 30 status transitions, with six different fish contributing. Three of these were the 
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descended DOMs, with all three performing more transitions in the fluoxetine condition; the 
other three were SUBs, with 2F11 performing a similar number of transitions (5) as in the 
control condition, and one other SUB showing an increase to 8 transitions in the fluoxetine 
condition from 2 in the control condition. Table 2 displays the number of transitions observed 
and mean DI for each fish in both conditions. However, a non-parametric sign test of status 
transitions in the two conditions for each fish was not significant (p = 0.20). 
 
Startle-Escape Behavior 
To assess time-dependence of startle-escape behavior in the control and fluoxetine 
conditions, mean community startle-escape response rates (i.e. mean response rate over six trials 
per experimental day) were tested for autocorrelation. No autocorrelation was found in either 
condition, confirming that results from each experimental day were independent, and mean 
response rates were normally distributed in both conditions, thereby permitting the use of 
parametric tests. It is important to note that startle-escape behavior data includes all fish in the 
community, including females, whereas social behavior data only considers males. The startle-
escape results therefore reflect effects of fluoxetine at the group/community level. Figure 6 
illustrates the mean community response rate in each treatment condition. An independent 
samples t-test found a significantly lower response rate in the fluoxetine condition than in the 
control condition (p = 0.001). No less than 60% of the tank was visible at stimulus onset in any 
given trial, and the number of fish visible on-screen was not different between the two conditions 
(p = 0.212). The decrease in mean response rate in the fluoxetine condition was not accompanied 
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by changes in startle-escape response latency: frequency distributions of the response latency to 
stimulus onset (only considering the first fish to respond in any given trial) in both conditions 
were nearly identical, with mean latencies of 9.79 ms and 10.41 ms in the control and fluoxetine 
conditions, respectively, and median latencies of 10 ms in both conditions. Additionally, there 
was no correlation between response rate in a trial and the time elapsed from the preceding trial 
in either the control condition (r(118) = -0.093, p = 0.313) or the fluoxetine condition (r(112) =   
-0.046, p = 0.626). 
 In order to determine if responsiveness to the six sound pulse stimulations over the course 
of an experimental day differed in the two conditions, a GEE with identity link and exchangeable 
correlation structure was performed to test the effect of trial number on response rate in each 
condition. There was a significant interaction, with no change in responsiveness over six trials in 
the control condition, but a decrease in responsiveness after the first two trials in the drug 
condition (p = 0.028), as shown in Figure 7.  
 To account for the possibility that the community startle-escape response was affected by 
individuals startling to other fish exhibiting the response or other stimuli, a separate analysis was 
conducted that only considered 1) the first fish to exhibit a response and 2) fish with response 
latencies within 2 ms of the first responder’s latency. This restrictive window is short enough to 
effectively rule out stimuli other than the sound pulse as the source of the startle-escape response 
(Preuss & Faber, 2003). Considering only those initial responders, the mean startle-escape 
response rate still decreased significantly in the fluoxetine condition (p = 0.01). 
 




Altered Aggression and Social Instability 
The current study examined the effects of fluoxetine exposure on social behavior in a 
community of A. burtoni. The results show that fluoxetine decreased overall aggression in 
DOMs but had only small, if any, effects on SUBs. This is consistent with the fact that SUBs 
have higher serotonergic activity than DOMs (Carpenter et al., 2014; Loveland et al., 2014; 
Winberg et al., 1997). In other words, one would expect an SSRI to affect these two morphs 
differentially. The observed decrease in aggression (i.e., DI) in the fluoxetine condition was 
likely not a result of overall decreased social activity, as indicated by the fact that social 
interactivity (i.e., CI) did not change. Conceptually these results are consistent with studies 
which indicate that fluoxetine reversed social status in naked mole rats (Heterocephalus glaber) 
and bluehead wrasse, tropical coral fish (Thalassoma bifasciatum) (Mongillo, Kosyachkova, 
Nguyen, & Holmes, 2014; Perreault et al., 2003), and reduced aggressive behaviors such as 
chasing in the Arabian killifish (Barry, 2013); aggressive displays (Greaney, Mannion, & 
Dzieweczynski, 2015), latency to initiating attacks and number of aggressive attacks (Kohlert et 
al., 2012) in the Siamese fighting fish; as well as latency, frequency, and duration of chases 
toward an intruder in the bluehead wrasse (Perreault et al., 2003). Most of these studies found an 
inverse relationship between serotonin and aggression, although there is some variability in the 
literature that highlights the complex nature of the action of serotonin on behavior (Sumpter, 
Donnachie, & Johnson, 2014).  
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In addition, the drug appeared to destabilize the social structure of the community. 
Previous work in A. burtoni found that frequency of status transitions can serve a measure of 
social stability (Hofmann, Benson, & Fernald, 1999), and a trend toward more frequent status 
transitions during the fluoxetine condition was found in the current study. It is possible that we 
failed to detect significant differences in the number of status transitions as a result of small 
sample size, and/or that the elapsed time of the experiment was not long enough. Male A. burtoni 
take approximately 4-5 weeks to achieve stable DOM or SUB status (Maruska, 2015; Maruska & 
Fernald, 2010); accordingly, the study of social stability by Hoffman et al. (1999) took place 
over 18 weeks, suggesting that the present study should be extended with one or several more A. 
burtoni communities.  
Interestingly, the single male displaying increased aggression following fluoxetine 
exposure (the bully) clearly stood out as being inconsistent with our hypotheses: his DI and CI 
increased dramatically in the drug condition, potentially confounding the results of the rest of the 
males. It is possible that the decrease in aggression among the other DOMs was due to the 
bully’s increased aggression, in conjunction with or instead of fluoxetine exposure. In addition, 
the results also cannot rule out the conclusion that fluoxetine per se increased aggression in the 
bully. Moreover, given that DOM is the default status in male A. burtoni (i.e. a male reared in 
isolation will be a DOM (Butler & Maruska, 2015; Maruska, 2014)), and that a resident DOM 
removed from a community is always replaced by another DOM (Carpenter et al., 2014; 
Maruska, 2014), a possible explanation for the bully’s sustained dominance in the fluoxetine 
condition is that there must be at least one DOM in a community. In other words, it is possible 
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that the decrease in DI and status of the other DOMs prompted the bully, who had the highest DI 
in the control condition, to solidify his position as the most dominant male, demonstrating the 
importance of male aggression/dominance in this species. 
Nevertheless, the DOMs’ descents, whether caused primarily by drug exposure or by the 
bully’s increased aggression, can help explain the increased number of social transitions 
observed in the drug condition. Males are highly sensitive to social opportunity and typically 
begin to display DOM behaviors quickly, in as little as approximately 11 min (Maruska, 2015; 
Maruska et al., 2013). The relatively rapid decline in DI of what were the most aggressive males 
in the community (with the exception of the bully) could therefore have triggered attempts to 
ascend by lower-DI males, as well as attempts by the descending males to maintain their DOM 
status. Although we did not observe the former (with the exception of 2F4, a SUB that made 
only 2 transitions in the control condition but 8 in the fluoxetine condition), the results of the 
descended DOMs suggest that throughout the fluoxetine condition, after becoming SUB, they 
rebounded to become DOM, and subsequently descended again, repeating this cycle several 
times. This observed instability in status in the fluoxetine condition may reflect males’ social 
responsiveness to seeing other males decline in aggressiveness.  
 
Altered Startle-Escape Response 
The startle-escape results in the present study are consistent with others examining this 
response in fish: fluoxetine exposure for 24 hr was found to reduce the startle-escape response in 
larvae of mutant zebrafish bred to show higher anxiety to be comparable to wild-type (Griffiths 
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et al., 2012), and adult zebrafish exposed to fluoxetine for two weeks were found to enter 
chambers of a maze that contained startling stimuli more frequently than untreated subjects 
(Pittman & Lott, 2014). These studies did not examine latency of the startle-escape response, but 
we found that while the frequency of the response was altered, the latency of the response was 
not. Moreover, the decrease in responsiveness remained even when restricting analysis to only 
the initial responders per trial (i.e. the first fish to respond and those with response latencies 
within 2 ms of the former). Here we chose A. burtoni because this species provides the 
opportunity to study fluoxetine in a social community setting, while startle-escape behavior has 
been demonstrated to have a clear relationship with the social phenotypes (Medan & Preuss, 
2014; Neumeister et al., 2017; Neumeister et al., 2010). While in the present study startle-escape 
responsiveness could not be directly correlated to social status (during startle trials it was not 
possible to identify individual fish), our startle results are consistent with a previous study 
showing reduced startle in SUBs (Neumeister et al., 2010), which have a higher serotonergic 
tone (Loveland et al., 2014; Winberg et al., 1997). Furthermore, previous work showed that 
antagonizing 5-HT2A receptors increased startle in A burtoni by reducing feed-forward inhibition 
onto the M-cell (Whitaker et al., 2011), although specific 5-HT5A receptor antagonists reduced 
startle in goldfish (Curtin et al., 2013). It is not known, however, if fluoxetine directly affects the 
M-cell startle circuit. Fluoxetine is described to increase extracellular 5-HT through inhibition of 
the reuptake pathway of the monoamine, but also may act on specific 5-HT receptors e.g., 5-
HT2B, 5-HT2C (Maximino et al., 2013; Peng, Gu, Li, & Hertz, 2014). However, only 5-HT5A and 
5-HT6 subtypes have been found to be expressed in the A. burtoni M-cell (Whitaker et al., 2011). 
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In other words, fluoxetine has diverse effects on 5-HT receptors, which may explain some of the 
apparent variability across studies.     
Another intriguing implication of these results pertains to the methodology and biological 
applicability of the investigation of startle-escape. Typically, startle-escape is tested using single 
subjects and isolated stimuli (Curtin et al., 2013; Neumeister et al., 2017; Neumeister, Szabo, & 
Preuss, 2008; Neumeister et al., 2010; Whitaker et al., 2011). However, such conditions are 
rarely encountered in the wild. Here we studied startle behavior in a more ―enriched,‖ semi-
natural environment with individuals embedded in a social and familiar context (i.e. in their 
home environment). Exposure of the community to acoustic stimuli resulted in much decreased 
responsiveness as compared to baseline startle-escape rates of fish tested singly (Neumeister et 
al., 2017). These results are consistent with those found in guppies, which startle less in a group 
(Fischer, Schwartz, Hoke, Soares, & Foster, 2015); guppies tested singly exhibited startle-escape 
rates similar to those found in singly tested A. burtoni (44-65% depending on stimulus intensity), 
though groups of guppies were still considerably more likely than the cichlid community here to 
startle to acoustic stimuli (~27-37%). One possible explanation is that the guppies were tested in 
groups of three, whereas the community here numbered 22. Furthermore, control startle-escape 
rates found here are similar to those found during prepulse inhibition (PPI), a sensory evoked 
modification of startle behavior (Hoffman & Ison, 1980). Specifically, the PPI stimulation 
paradigm attenuated A. burtoni baseline startle response rates (by ~50%) to ~20% (Neumeister et 
al., 2017) when singly tested; here, the control community response rate is ~15%. Although 
experimental conditions are not comparable (e.g. group vs. single testing; testing females and 
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males together vs. males only; novel experimental environment vs. experiments within home 
tank; different stimulation paradigms, etc.) one could speculate that the enriched community 
setting itself provided sensory stimuli, and as such resembled PPI conditions. 
 
Environmental Impact 
The final important conclusion from our results relates to the potential environmental 
impact of fluoxetine on aquatic organisms. While the concentration used here (20 μg/L) is higher 
than what has typically been found in the environment, it can still be considered environmentally 
relevant, given the high potential for fluoxetine to bioaccumulate (Forsatkar et al., 2014; 
Paterson & Metcalfe, 2008) and the fact that it has been found to occur in combination with other 
antidepressants and pharmaceuticals (Brooks et al., 2003; Zenker, Cicero, Prestinaci, Bottoni, & 
Carere, 2014). Though important work has been done to quantify the levels of fluoxetine found 
in the bodies and brains of fish downstream of waste water treatment plants (Brooks et al., 2005; 
Chu & Metcalfe, 2007), researchers have not yet examined these animals within their natural 
environment. Thus, it is not yet known what behavioral effects current levels of exposure have 
on aquatic wildlife. However, this study demonstrates that it is possible to model exposure to 
wild populations using a semi-naturalistic setting in a laboratory. Furthermore, the disruptions 
associated with fluoxetine exposure found here have potential bearing on fitness, particularly 
because social status is directly related to many areas of life for fish, such as somatic growth, 
reproduction, and access to resources (Fox, White, Kao, & Fernald, 1997; Hofmann et al., 1999), 
and because the startle-escape reflex is a predator-evasion tactic (Fischer et al., 2015). In 
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addition, since fluoxetine has been found in bodies of water ranging from groundwater; lake and 
ocean water; surface water; and waste water (Kwon & Armbrust, 2006), the diversity of aquatic 
wildlife exposed to the drug is likely to be high. A. burtoni can serve as a model for other fish 
species living in fluoxetine-contaminated waters, and it is conceivable that prolonged fluoxetine 
exposure could alter or disturb social life and reduce the ability to respond appropriately to 
threats. 
This study focused on the effects of fluoxetine on male fish, but the relatively high 
mortality rate of females in the fluoxetine condition (six female vs. one male) draws attention to 
potential differential effects of the drug on male and female A. burtoni. It is plausible that 
fluoxetine could affect the sexes differently, given serotonin’s role in reproduction and sexual 
function in most species (Brooks et al., 2003; Gaworecki & Klaine, 2008; Lorenzi, Carpenter, 
Summers, Earley, & Grober, 2009; Loveland et al., 2014), and given that fluoxetine can have 
sex-dependent effects in various species (Fernandez-Guasti, Olivares-Nazario, Reyes, & 
Martinez-Mota, 2017; Gray & Hughes, 2015; Lorenzi et al., 2009; Martin et al., 2017; Saaristo, 
McLennan, Johnstone, Clarke, & Wong, 2017). It is possible that the concentration chosen in 
this study was high enough to be toxic or to induce anorexia in the females of the tank, as they 
were considerably smaller than the males, or that they became subject to attack more frequently 
in the drug condition, as was seen in the fathead minnow (Weinberger & Klaper, 2014). 
However, it is not possible to make conclusions as to cause(s) of death, because toxicity, feeding, 
and female interactions were not monitored in this study. 
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Future studies using fluoxetine in this species may consider not only testing multiple 
cichlid communities, but also using several concentrations of fluoxetine, as a dose-response 
curve would be crucial to determining appropriate dosing. For example, it would be important to 
see if concentrations more similar to what is found in wild environments (e.g. in the ng/L range) 
still produce effects, and if higher concentrations produce stronger reductions and/or different 
effects. In addition, it might be valuable to experimentally determine how A. burtoni specifically 
absorbs fluoxetine (see Winder et al. (2009); Margiotta-Casaluci et al. (2014); Paterson & 
Metcalfe (2008)). The goal here was to keep concentration constant, and certain assumptions 
were necessary in order to make the appropriate calculations. However, without actually 
measuring the concentration, it is not possible to say definitively that it did not fluctuate or 
continually build up over the course of the experiment. Nevertheless, this project represents a 
first step in not only testing the effects of fluoxetine in this species, but also testing group 
responsiveness. More importantly, given the ubiquity of fluoxetine (and antidepressants 
generally) and projections that prescriptions for such drugs will increase (Winder et al., 2009), it 
is clear that resources must be allocated to examining the effects of discharged pharmaceuticals 
on aquatic life—and whether or how they potentially come back to us via drinking water or food 
supply. 
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Ethogram of Male Social Behaviors (Adapted from Fulmer et al. 2017) 
Behavior Definition DI Score Value 
Chase 
Shortening distance to target abruptly, independent of 
target reaction 
1 
Bite Physical contact with mouth closing on other individual 1 
Poke Physical contact, not resulting in bite 1 
Threat Display 
Back-and-forth movement often accompanied by 
opercular flaring, typically oriented towards other males 
1 
Border Threat 




Dyadic circular movement of opponents with each 
individual shortening distance to opponent’s tail 
1 
Ignore Threat 
Threatened individual does not respond with freezing, 
flight, or other displacement, and remains 
swimming/floating without response visible to observer 
N/A 
Flee Increasing distance abruptly a response to chase or poke -1 
Lachrymal stripe 
display 
Melanistic pigment, vertical black stripe on either side of 









Mean DI, Social Status, and Number of Social Status Transitions per Fish 
C O N T R O L               F L U O X E T I N E 
Fish ID Mean DI Status Transitions  Mean DI  Status  Transitions  
2F1 59.95 D 0 107.21 D 0 
2F3 31.75 D 0 -8.32 S 2 
2F8 24.65 D 2 2.37 D 6 
2F7 19.50 D 2 2.11 D 7 
2F11 -12.55 S 7 -14.79 S 5 
2F9 -12.80 S 0 -20.83 S 0 
2F4 -17.90 S 2 -13.42 S 8 
2F5 -18.70 S 0 -16.89 S 0 
2F10 -20.95 S 0 -21.84 S 0 
2F13 -21.25 S 0 -22.42 S 2 
2F12 -21.45 S 0 -23.16 S 0 
2F14 -24.35 S 0 -21.32 S 0 
 
FLUOXETINE AND STARTLE AND SOCIAL BEHAVIOR IN A. burtoni 36 
 
 
a)       b) 
       
 
c)       d) 
      
 
Figure 1a-1d. Summary statistics box plots of  DI and CI for DOM, SUB, and all males 
combined in the control (a – b, 20 observation sessions) and fluoxetine (c – d, 19 observation 
sessions) conditions.  
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Figure 2. Mean DI of DOMs (N=3) in control and fluoxetine conditions (Note: the data exclude 
one outlier DOM that did not decend). Error bars represent 1 standard deviation.





Figure 3. DI for each focal observation per fish over the duration (9 weeks) of the experiment. 
Red line (center) indicates the beginning of fluoxetine exposure, and individual fish are 
identified in the legend (right). One DOM (blue line, ―Bully‖) increased in DI after drug 
exposure, whereas the remaining DOMs (olive, purple, and orange lines) decreased in DI. SUBs 
remain largely unchanged. 
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Figure 4. CI for each focal observation per fish over the duration (9 weeks) of the experiment. 
Red line (center) indicates the beginning of fluoxetine exposure, and individual fish are 
identified in the legend (right). One DOM (blue line, ―Bully‖) increased in CI after drug 
exposure, whereas the remaining fish remain largely unchanged.
Time (Weeks) 





Figure 5. Mean DI before and after fluoxetine treatment for each fish. Note changes in DI of 
DOMs and relative lack of change for SUBs. A GEE with identity link and exchangeable 
correlation structure (excluding the bully) approached significance (p = 0.063).
Treatment 





Figure 6. Mean community startle-escape response rate (averaged over six trials i.e., stimulations 
per day) for control and fluoxetine conditions. Mean response rate was significantly lower in the 
drug condition (p = 0.001). At least 60% of all fish in the the community was visible at stimulus 
onset in any given trial.
Treatment 





Figure 7. Mean community startle-escape response rate per trial in control (blue) and fluoxetine 
(red) conditions. In any given trial, 19-22 fish were included. GEE with identity link and 
exchangeable correlation structure found a significant interaction between trial number and drug 
condition (p = 0.028). 
